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Identification of Genes Involved in Neisseria meningitidis Colonization
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Neisseria meningitidis is a worldwide cause of meningitis and septicemia leading at least to 50,000 deaths every year. Neverthe-
less, N. meningitidis is also a commensal bacterium that asymptomatically colonizes the epithelial cells of the nasopharynx of 10
to 30% of healthy individuals. Occasionally, N. meningitidis crosses the nasopharyngeal barrier and enters the bloodstream.
During bacteremia, N. meningitidis may adhere to endothelial cells of brain vessels and invade meninges. To identify the genes
required for meningococcal host colonization, we screened a signature-tagged transposon mutagenesis library using an innova-
tive in vitro colonization model in order to identify mutants displaying decreased capacity to colonize human epithelial cells.
Approximately 1,600 defined insertion mutants of invasive serogroup C strain NEM8013 were screened. Candidate mutants were
tested individually for quantification of bacterial biomass with confocal microscope and COMSTAT software. Five mutants were
demonstrated to exhibit significantly decreased colonization ability. The identified genes, including narP and estD, appeared to
be involved in adaptation to hypoxic conditions and stress resistance. Interestingly, the genes fadD1, nnrS, and NMV_2034 (en-

coding a putative thioredoxin), prior to this study, had not been shown to be involved in colonization. Therefore, we provide
here insights into the meningococcal functions necessary for the bacterium to adapt to growth on host cells.

Neisseria meningitidis is a human pathogen that colonizes ex-
clusively the nasopharynges of 10 to 30% of the human pop-
ulation (1). The ability of the bacterium to grow on the surfaces of
epithelial nasopharyngeal cells is therefore crucial for its survival
as a commensal organism. Disease occurs when an invasive strain
of N. meningitidis crosses the nasopharyngeal epithelium and en-
ters the bloodstream. Once in the blood vessels, bacteria are able to
survive and multiply. Indeed, meningococcus is protected from
the killing action of complement mainly by its polysaccharidic
capsule but also by a sialylated lipooligosaccharide and by factor
H-binding protein (2). During bacteremia, N. meningitidis may
adhere to the endothelial cells of the brain microvessels, invade the
meninges, and multiply in the cerebrospinal fluid. Since humans
are the only known reservoir of N. meningitidis, its ability to effi-
ciently colonize pharyngeal epithelial cells is crucial for its survival
and transmission but is also a prerequisite for invasive meningo-
coccal disease. Paradoxically, although deciphering the nasopha-
ryngeal colonization process constitutes a prerequisite to under-
stand how the transition from commensalism to pathogenicity
occurs, the exact conditions allowing N. meningitidis to cross the
epithelial barrier are still not known.

Initial, early interaction of N. meningitidis with epithelial cell
surface has been studied extensively using in vitro cell culture and
more recently using tonsil or nasal tissue (3, 4). These studies
demonstrated that upon contact with human cells, the meningo-
coccus initially adheres as microcolonies using filamentous organ-
elles named type IV pili (T4P) (5). In a second step of infection,
bacteria form a layer tightly attached to host cell surface (6, 7).
Then, multiplication of bacteria leads to the formation of a biofilm
structure several tens of microns thick (8). Biofilms are defined as
surface-attached microbial communities embedded in a self-pro-
duced matrix. The ability of the meningococcus to form biofilm
has been demonstrated both in vivo and in vitro (9). Invasive
strains of meningococcus are systematically encapsulated, which
is necessary for their survival in the bloodstream (10). Neverthe-
less, it is known that capsular polysaccharide confers a negative
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charge and hydrophilicity to the encapsulated organism. The first
reports on meningococcal biofilm initially reported that presence
of the capsule, which is a constant trait of invasive strains of me-
ningococcus, inhibited biofilm formation by N. meningitidis over
inert substratum such as plastic, polystyrene and glass, under
static or flow conditions while unencapsulated strains were able to
form biofilms on abiotic surfaces (11, 12). More recently, it has
been evidenced that wild-type (WT) encapsulated N. meningitidis
was able to form biofilms on human tissue culture cells in a flow
chamber (8). In addition, proteomic and transcriptomic studies
comparing planktonic versus biofilm grown meningococcus or
gonococcus over inert surface have highlighted the role of en-
zymes involved in denitrification and adaptation to reactive oxy-
gen species (13-15).

Signature-tagged transposon mutagenesis (STM) screening
has been widely used to identify genes involved in colonization
and biofilm formation in many human pathogens. In the present
study, we screened an STM library using an original in vitro model
of colonization in order to identify genes involved in colonization
under constant flow shear stress. Five mutants were identified that
were inactivated for estD, narP, nnrS, fadD1, and NMV_2034. The
corresponding disrupted genes appeared to be mainly involved in
adaptation to hypoxic conditions.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. N. meningitidis strain
NEMS8013 used in the present study is a piliated, Opa~, Opc~, PilC1™,
and PilC2" serogroup C clinical isolate (16).

Neisseria was grown at 37°C in moist atmosphere containing 5% CO,
on GC medium base (GCB; Difco) containing Kellogg’s supplement.
Escherichia coli strain Top10 (Life Technologies) was used for DNA clon-
ing and plasmid propagation. E. coli was grown on Luria-Bertani (LB)
agar or in liquid medium. For antibiotic selection of E. coli strains, kana-
mycin was used at 30 wg ml™". To select strains derived from N. menin-
gitidis strain 8013, the kanamycin concentration was 100 wg ml ™", chlor-
amphenicol was used at 5 wg ml™', and erythromycin was used at 2 p.g
ml™'. STM mutants were cultured at 37°C on GC agar plates containing
nutritional supplements and 100 pg of kanamycin/ml. N. meningitidis
NEMB8013 expressing a green fluorescent protein (GFP) was obtained by
transformation of plasmid pAM239 (17). GFP-expressing mutants were
obtained by transformation of genomic DNA of STM mutants into a WT
GFP strain.

Epithelial cell culture conditions. The T84 human colonic carcino-
ma-derived epithelial cells and the pharynx carcinoma-derived FaDu ep-
ithelial cells were obtained from the American Type Culture Collection.
Both cell lines were grown in Ham F-12 medium (PAA Laboratories)
supplemented with 10% fetal calf serum (FCS; PAA Laboratories), 20 mM
HEPES (PAA Laboratories), and 1% penicillin-streptomycin-amphoter-
icin (PSA; PAA Laboratories). Cells were grown at 37°C in a humidified
incubator under 5% CO,. Medium without PSA is thereafter referred as
infection medium (IM) and used to grow STM mutants.

In vitro screening of STM library for colonization defective mu-
tants. Laminar flow chamber experiments were performed on disposable
flow chambers composed of six independent flow channels (w-Slide VI
0.4 purchased from Ibidi, surface area = 0.6 cm?” per channel) coated with
5 pg of rat tail collagen type I/cm?. T84 or FaDu cells were seeded in the six
channels at a density of 0.3 X 10°/cm? and incubated for ~7 days at 37°C
in 5% CO, until confluent. A microscopic examination of the cell layers
was performed before each flow assay and only channels with a uniformly
confluent layer were used. When pools of mutants were assayed, clones
were resuspended individually in IM in a 96-well plate and incubated with
shaking at 37°C. After 2 h of growth, the OD,, was measured on a mi-
crotiter plate reader, and an equivalent amount of each mutant strain was
pooled. The suspension containing the pooled mutants was adjusted to an
0Dy 0f 0.5 in IM and 60 pl was used to inoculate duplicate channels of
a microslide containing epithelial cell monolayer. The remaining suspen-
sion is referred to as the input pool. Bacteria were allowed to adhere to
epithelial cell monolayer for 1.5 h without flow. At 1.5 h postinfection, a
continuous flow of IM containing 3 g of vancomycin/ml was applied for
18 hat a constant flow rate of 0.04 ml/min using a syringe pump (Harvard
Apparatus). The flow chamber was placed in an incubator thermostated at
37°C with 5% CO, throughout the experiment. After 18 h, the recovered
bacteria, i.e., the bacteria obtained from channel aspiration and/or re-
leased after trypsin treatment, were plated on GCB agar plates. After an
overnight incubation at 37°C, colonies constituting the output pool were
scraped from plates and resuspended in nucleus lysis solution (Promega).
Chromosomal DNA extraction was performed using Wizard Genomic
DNA purification kit (Promega) on the input and output mutant pools.

Tag amplification. For the present study, we developed a screen
method based on PCR. Since each mutant present in a pool is labeled with
a unique tag, we designed 48 oligonucleotides complementary to the tag
region to perform specific amplification of each tag (see Table S1 in the
supplemental material). Chromosomal DNA isolated from input and
output mutant pools were used as a template in PCR amplification with
the 48 pairs of primers.

Confocal microscopy and image analysis of biofilms. The Ibidi
p-Slide flow chambers allow direct observation with inverse microscopy
through its transparent plastic bottom. Prior to infection, epithelial cell
monolayers grown in p-Slide were stained with cytoplasmic Cell Tracker
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TABLE 1 Oligonucleotide primers used in this study

Primer Sequence (5'-3")

FcompNMV2034 CCTTAATTAAGGAGTAATTTTATGAAAAAGAAACTGCTTTCG
RcompNMV2034 CGACAGTACTTTAACCGAAAACATCCGC

FcompNMV845  CCTTAATTAAGGAGTAATTTTATGGAAAAAATCTGGTTAG
RcompNMV845 CGACAGTACTTTATTTCCCGGTACTTTGG

Ftag TTTACTGGATGAATTGTTTTAGTACCT

Rtag GCTGATAAGTCCCCGGTCTA

Fest GCATCAGGCTCTTTCACTCC

Orange CMTMR (Life Technologies) according to the manufacturer’s
instructions. The channels were then filled with a bacterial suspension of
GFP-expressing strain, and the flow chamber was incubated 1.5 h to allow
adhesion. After 1.5 h, a continuous flow of IM containing 3 pg of vanco-
mycin/ml and 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside) was
applied for 18 h at 0.04 ml/min.

All microscopic observations and image acquisitions were performed
on a Leica SP5 confocal microscope. Images were obtained using a X40/
1.3 Plan Apo oil objective lens. At the time of confocal acquisition, the cells
were examined using red channel to assess the integrity of the monolayer.
Three-dimensional biofilm structures reconstructions were generated by
using the IMARIS software package (Bitplane AG). Biofilm development
was quantified with the COMSTAT computer program using biomass
and average thickness parameters (18). The results are expressed as a
percentage of the biofilm produced by the wild-type strain, which is set to
100%. Values represent the means of three independent experiments,
with the acquisition of at least four image stacks per each channel. The
data were examined for significance using the Student ¢ test.

Construction of complemented mutants. To complement the NMV_
2034 and fadDI mutants, the wild-type genes were amplified using chromo-
somal DNA of strain 8013 as a template and primers FcompNMV2034/
RcompNMV2034 and FcompNMV845/RcompNMV845, respectively.
Forward primers contained overhangs with restriction sites for Pacl, whereas
reverse primers contained overhangs with restriction sites for Scal (Table 1).
These PCR fragments were restricted with Pacl and Scal and cloned into
Pacl/Scal-cut pGCC4 vector, adjacent to lacIOP regulatory sequences (21).
This placed NMV_2034 or fadDI under the transcriptional control of an
IPTG-inducible promoter within a DNA fragment corresponding to an in-
tragenic region of the gonococcal chromosome conserved in N. meningitidis.
The NMV_2034 or fadD1 inducible allele was then introduced into the chro-
mosome of NMV_2034 or fadD1 mutant by homologous recombination.

Susceptibility to H,0, and PxB. The disc diffusion method (Kirby-
Bauer testing) was used to test susceptibility to H,O, and polymyxin B
(PxB). Bacteria from the agar plate were resuspended in 5 ml of brain
heart infusion broth to an optical density at 600 nm of 0.15 and spread
with a cotton swab onto a GCB agar plate. Paper disks 6 mm in diameter
were placed on the swabbed plate and saturated with 10 pl of test agent.
After 18 h of incubation, the zones of growth inhibition were measured.
The reagents tested were 3% H,O, and PxB at a concentration of 300
pg/ml (both purchased from Sigma).

RESULTS

Establishment of an in vitro colonization model. In order to
study the late stages of the interaction of epithelial cells with en-
capsulated meningococcus and to identify as-yet-unidentified
meningococcal functions required for the colonization process,
we developed an innovative in vitro colonization model (Fig. 1A).
We took advantage of the Ibidi microslides VI, which contain six
channels (flow chambers) and allow the parallel testing of six
pools of mutants in a single experiment. These microslides have
been previously used to study early adhesion events of meningo-
coccus on endothelial cell monolayer under defined shear stress
conditions that mimic blood flow (17). We used this miniaturized
laminar flow chamber to ensure a permanent renewal of the

Infection and Immunity


http://iai.asm.org

Meningococcal Colonization-Defective Mutants

A Continuous flow
in Ibidi micro-slide
Input pool '
of signature-tagged

Output pool
recovered 18h later

L DNA extraction
DNA extraction |°_ o oI" () OIO 0 OIO 0 OI PCR

PCR

Infection of an epithelial cell

monolayer
B Fcst Ftag
—> —>
(o}
= aphA3 I TAG I
Rvar Riag

FIG 1 Schematic of signature-tagged mutant screen for identification of genes involved in epithelial cells colonization. (A) Pools of mutants (input pools) were
used to infect an epithelial cell monolayer in an Ibidi microslide and recovered 18 h later (output pools). The presence of each mutant was investigated in both
input and output pools by a specific PCR amplification of the tags. Mutants present in the input pool but absent in the output pool were further investigated. (B)
Representation of the transposon found in STM mutants. Ftag and Rtag primers were used to sequence the 48 different tags. Fest, along with 48 different
oligonucleotides (Rvar), was used to screen the library, yielding a 500-bp PCR product when a mutant is present in a pool. DUS, meningococcal DNA uptake

sequence; aphA3, kanamycin resistance gene.

growth medium. These growth conditions allowed the formation
of a bacterial biofilm over the epithelial cell monolayer. It is the
first time that such a model has been used to screen a mutant
library in Neisseria.

Development of an optimized PCR-based screening method.
Our previously described transposon library (10, 16) of 4,548 mu-
tants is organized in 96 pools of 48 mutants labeled with 48 differ-
ent tags. The transposon contains a variable tag of 40 bp and a
constant region, including a kanamycin resistance cassette (Fig.
1B). Therefore, each mutant in a defined pool is labeled with a
unique tag. For the present study, in order to simplify the detec-
tion of mutants present in both input and output pools, we devel-
oped a screening method based on PCR instead of the classical
hybridization method previously used (19, 20). This screening
method is easier and less time-consuming than hybridization pro-
cedures.

The 48 different tags were sequenced (using Ftag and Rtag
primers; Table 1), and 48 oligonucleotides complementary to ~20
bp of the tag region were designed, along with a unique primer in
the constant region of the transposon (Table 1 and see Table S1 in
the supplemental material). PCR amplifications with the 48 pairs
of primers yielded a 500-bp product. Sensitivity and specificity
testing of the 48 pairs of oligonucleotides were performed by PCR
to evaluate cross-amplification of the tags. When necessary, a new
oligonucleotide was designed to improve sensitivity or specificity.
Tags 5 and 25 were extremely similar and could not be differenti-
ated by a specific PCR; therefore, mutants harboring these tags
were never mixed in the same pool to perform infection.

Screening for mutants impaired in epithelial cell coloniza-
tion. Among 4,548 insertion mutants in the capsulated N. menin-
gitidis strain 8013, the location of 3,625 transposons has been
mapped (16). Several genes had multiple insertions of the trans-
poson leading to a redundancy in the library. In order to avoid
testing numerous mutants in the same genes, we selected 976
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unique transposon insertions in well-defined open reading frame
and 639 transposon insertions located in intergenic regions.
Preliminary tests of our in vitro colonization model were ini-
tially conducted with pools, including a nonpiliated pilD mutant
to verify the absence of this tagged mutant in the output pools and
validate our novel model of colonization. As expected, the non-
piliated mutants were not recovered in the output pools. Next, the
1,615 mutants, grouped in 96 pools of ~17 mutants, were assayed
in duplicate on T84 epithelial cells monolayers grown in Ibidi
microslides VI 0.4. We identified 312 potentially attenuated can-
didates from this first round of screening that were absent in out-
put pools recovered at 18 h postinfection. Phase variation which
results in the variability of the surface antigens could generate
variants with a colonization defect unlinked to the transposon
insertion. To rule out this possibility, we transformed into the
parental strain each of the 312 mutations. We assembled new
pools of mutants and tested them a second time in the in vitro
colonization model. In this second-round of screening, we iden-
tified 85 candidates. We determined the individual growth curves
and discarded mutants displaying altered growth kinetics com-
pared to the wild-type strain in liquid cultures. Several nonpiliated
mutants (i.e., pilD, pilG, pil], pilH, and pilM mutants) were found
during the screening but were not investigated further since mu-
tants with an initial adhesion defect were excluded from the study.
Quantification of the biomass produced by candidate mu-
tants. We then performed individual testing of the 55 remaining
mutants using confocal microscopy to evaluate the formation of
the biomass. Each mutation was transformed into a strain express-
ing the GFP under the control of an IPTG-inducible promoter
encoded by pAM239 plasmid (17). Using a confocal microscope
and COMSTAT software, we compared the biomasses of mutants
to that of the parental GFP strain. To avoid the phase variation
effect, the experiment was repeated with three independent
clones. We found five mutants (i.e., the estD, narP, nnrS, fadD]I,
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FIG 2 Meningococcal biofilm formation over epithelial cells. (A) Three-dimensional biofilm structures reconstructed with Imaris software of wild-type and five
mutant strains grown over T84 epithelial cells for 18 h. Representative images of experiments performed on at least three different occasions are shown. (B)
Analyses of biomass and average thickness using COMSTAT software of wild-type and five mutant strains identified in STM screening. During the screening
process, wild-type and mutant strains were grown over T84 epithelial cells for 18 h. At least three independent experiments were performed. The results are
normalized as a percentage of the mean biomass of the wild-type strain, which was set to 100%. Error bars indicate the standard errors of the mean (SEM). ***,

P < 0.005; **, P < 0.01; %, P < 0.05 (Student t test).

and NMV_2034 mutants) with a reproducible biomass defect
compared to the parental strain (Fig. 2 and Table 2). Biofilms
formed by the five mutants were also significantly reduced in av-
erage thickness compared to wild-type biofilms (Fig. 2). None of
the mutants exhibited initial adhesion defect to human epithelial
cells at 3 h postinfection (data not shown). The biomass defect of
the five mutants was also observed when mutants were grown on
FaDu epithelial cell line instead of T84 cell line (data not shown).
In order to verify the absence of polar effect and to ensure that the
phenotype was attributable to transposon insertion, NMV_2034
and fadD1 mutants were complemented in trans with a wild-type
copy of the gene using pGCC4 (21). Complementation reversed
the colonization defect observed in both mutant strains (Fig. 3
and 4).

TABLE 2 Genes identified using our in vitro colonization model

Genes identified in our in vitro colonization model. Our
screen identified estD, which encodes esterase D. narP encodes the
NarP regulator of the two-component system NarP/NarQ, which
is involved in the denitrification process. nnrS encodes a heme-
and copper-containing membrane protein (22) that plays a role in
the metabolism of nitrogen oxides. NMV_2034 encodes a putative
membrane-associated thioredoxin. The fadDI gene encodes
FadD1, a long-chain fatty acyl-coenzyme A (CoA) ligase that ac-
tivates long-chain fatty acids by acyl-CoA ligation.

Since cationic antimicrobial peptides (CAMPs) are important
in innate host defense system and are released by host cells, includ-
ing epithelial cells, we examined the effect of CAMPs on our five
mutants using polymyxin B (PxB), which is a cyclic lipopeptide
frequently used to test CAMPs susceptibility. Despite the fact that

Locus tag

NEM8013 72491 MC58 Gene Predicted function

NMV_1091 NMAI1519 NMB1305 estD Putative esterase D

NMV_1178 NMA1419 NMBI1250 narP Putative two-component system transcriptional regulator protein
NMV_2034 NMA0612 NMBI1845 Putative membrane-associated thioredoxin

NMV_0482 NMA2046 NMB0439 nnrS Putative NnrS-like protein (nitrite/nitric oxide reductase-related protein)
NMV_0845 NMA1743 NMBI1555 fadD1 Long-chain fatty acid-CoA ligase
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FIG 3 Gene organization around the five genes identified by STM. Gray ar-
row, gene identified; unlabeled black arrows, genes of unknown or putative
function; white arrows, transposon insertion and orientation (transposon
sizes are not to scale). Designations: trmU, tRNA-methyltransferase; pyrG,
CTP synthase; narQ, nitrate/nitrite sensor protein; purM, phosphoribosyl-
aminoimidazole synthetase; ndk, nucleoside diphosphate kinase; mrp, multi-
drug resistance-associated protein; farR, regulator of fatty acid efflux pump.

N. meningitidis is intrinsically resistant to PxB, mutants displaying
increased sensitivity to PxB have been described (23). In addition,
a decrease in resistance to oxidative stress is also known to be
linked with biofilm defect and could explain the observed coloni-
zation defect (24). Therefore, we also examined the susceptibility
of our five mutants to oxidative stress (H,0,). However, all five
mutants exhibited the same level of resistance in Kirby-Bauer test-
ing with H,O, and PxB compared to parental strain.

DISCUSSION

We assayed an ordered library of transposon-generated mutants
of N. meningitidis strain 8013 for isolates that showed impaired
ability to colonize an epithelial cell monolayer compared to the
WT parental strain. In a screen of a subset of ~1,600 mutants
representative of this mutant library, we have identified five mu-
tants. Except estD and narP that are known to be involved directly
(estD) or indirectly (narP) in biofilm formation (25-27), the three
other genes have never been linked to biofilm formation.

Since meningococcus is restricted to human host, no animal
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model is available for studying the meningococcal colonization
process. Several other models have been used, including human
organ culture model of adenoid or turbinate tissue (3, 4). One of
the major problems encountered with tissues is an important
host-to-host variation (28). A recent study was conducted with
explants of tissue from inferior turbinates resected from patients
(29). The ability to colonize nasopharyngeal tissue was assayed for
576 mutants and allowed the identification of eight defective mu-
tants including two nonpiliated mutants and three mutants in
genes encoding proteins of unknown function. The fact that nei-
ther the screen performed by Exley et al. nor our own present
study used a saturated mutant library in two different in vitro
colonization models could explain why neither study identified
the same loci. Moreover, we used a flow chamber experiment
allowing the formation of a biofilm of several tens of microns in
height. Thus, our system led to the identification of mutants with
a defect in biofilm biomass accumulation (Fig. 4).

Several recent studies have attempted to identify genes in-
volved in the colonization of either gonococcus or meningococcus
by transcriptomic or proteomic comparison of biofilm versus
planktonic growth. All of these studies have been conducted on
inert substratum under a continuous flow of medium (13-15, 30).
In gonococcus, genes found to be highly upregulated in biofilms
included nitrite reductase gene (aniA) and nitric oxide reductase
gene (norB), which are both part of the NarP regulon (15). Fur-
thermore, aniA and norB gonococcus mutants were defective for
biofilm formation on glass and cervical epithelial cells. The in-
creased level of AniA expression in gonococcal biofilm was con-
firmed by a proteomic approach (14). A proteomic analysis of
meningococcal biofilms (13) also reported changes in protein ex-
pression related to oxygen limitation and defense against reactive
oxygen species.

We demonstrated that a narP mutant exhibited a biomass de-
fect over epithelial cells. NarP is the regulator of the two-compo-
nent system NarQ/NarP. This system has been mainly studied in
the gonococcus and is involved in the denitrification process
which comes into play when a bacterium is in an environment
where oxygen is scarce or absent. A narP mutant in the gonococ-
cus is severely attenuated in its ability to grow in a low-oxygen
environment (31). The use of the denitrification pathway by N.

vy
*
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FIG 4 Analyses of the percent biomass (A) and the percent average thickness (B) using COMSTAT software of the WT and NMV_2034 and fadD1 mutants and
their respective complemented strains. At least three independent experiments were performed. The results are normalized as a percentage of the mean biomass
or average thickness of the wild-type strain, which is set to 100%. Error bars indicate the SEM. *, P < 0.05.
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meningitidis in the nasopharynx is probably essential because this
biological niche is colonized with a polymicrobial biofilm where
oxygen cannot penetrate easily.

nnrS is a member of the nnrR regulon in Rhodobacter spha-
eroides (32), which include genes required for the reduction of
nitrite to nitrous oxide. Nnr§ is a heme- and copper-containing
membrane protein (22). NnrS may have a role in the metabolism
of nitrogen oxides (32). A study in Vibrio cholerae demonstrated
that the expression of nnrS is controlled by NorR and that nnrS
plays a role in NO resistance (33).

Several studies have shown that genes involved in defense
against oxidative stress were required for biofilm formation.
These genes include oxyR, prx, gor (24), and trxB (34) in gonococ-
cus and mntC (13, 35) in meningococcus and gonococcus. Thi-
oredoxins are oxidoreductase enzymes that play a role in reactive
oxygen species response. They are maintained in a reduced state
by thioredoxin reductase. The thioredoxin reductase TrxB partic-
ipates in reactive oxygen and nitrogen species defense. A N. gon-
orrhoeae trxB mutant is defective in biofilm formation on glass
and interestingly is more attenuated when grown over an epithe-
lial cells monolayer instead of glass (34). In the present study, we
identified NMV_2034, which is annotated as a putative mem-
brane-associated thioredoxin. Nevertheless, no peptide signal
could be predicted using SignalP or LipoP servers in strain 8013
sequence of NMV_2034. Since our NMV_2034 mutant does not
display increased susceptibility to hydrogen peroxide, further in-
vestigations are needed to understand the function of this putative
thioredoxin.

Our screen also identified an estD mutant. This finding cor-
roborates the results of Potter et al. (26), who previously inves-
tigated an estD mutant in the gonococcus. The authors showed
that an estD mutant is impaired in biofilm formation when
grown over epithelial cells in a flow chamber. The estD gene of
the gonococcus strain (NGO0600) shares >92% nucleotide se-
quence identity with its meningococcal counterpart and is lo-
calized in a chromosomal region organized similarly to the
meningococcus. Serine thioesterase EstD, together with alco-
hol dehydrogenase AdhC, is known to detoxify formaldehyde
in meningococcus (36). In the gonococcus, the estD mutant
exhibited a biofilm defect only when grown on an epithelial cell
surface but not when grown on a glass surface. Furthermore, a
meningococcal estD mutant grown over glass forms a biofilm
mainly composed of nonviable bacteria. The observation that
an estD mutant biomass defect was observed only over a living
substratum sustained the hypothesis of an exogenous source of
formaldehydes arising from epithelial cells. The reduced via-
bility of the biofilm observed over glass with meningococcus is
also consistent with an additional endogenous source of form-
aldehydes that accumulate in the estD mutant, leading to its
premature death.

fadD gene encodes FadD, a long-chain fatty acyl-CoA ligase
that activates long-chain fatty acids (LCFAs) by acyl-CoA ligation
and also plays a role in the import of exogenous LCFAs (37).
Several species such as Pseudomonas aeruginosa, Mycobacterium
tuberculosis, or N. meningitidis possess multiple fadD homologs
with potential differences in substrate preference. The V. cholerae
fadD mutant was attenuated in an in vivo infant mouse cholera
model due to downregulation of the major virulence genes in this
mutant (38). Inactivation of fadD affects the virulence of several
other bacterial pathogens, including the plant pathogen Sinorhi-
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zobium meliloti (39), Salmonella enterica serovar Typhimurium
(40), and P. aeruginosa (41). Transcriptome or proteome profiling
of a meningococcal fadD mutant could help to explain the colo-
nization defect observed with this mutant.

In summary, we identified several N. meningitidis loci that con-
tribute to the colonization of epithelial cells, which is a prerequi-
site step for invasive disease. Further characterization of mutants
is necessary in order to understand the relationship between these
different loci and meningococcal colonization. Due to the lack of
animal model, in vitro biofilms grown in flow chambers are in-
creasingly used to model meningococcal carriage. Our results
demonstrate that STM combined with continuous-flow system
for biofilm growth over epithelial cells is a powerful method for
the identification of genes required for the colonization/biofilm
formation process.

ACKNOWLEDGMENTS

This study was supported by INSERM, Université Paris Descartes, and a
grant from La Fondation pour la Recherche Médicale.

We thank M. Garfa-Traore and N. Goudin of the Necker Institute
imaging facility for their technical support and the Imagine Foundation
for the Leica SP5 microscope funding. We thank A. Heydorn from the
Technical University of Denmark for kindly providing COMSTAT. We
also thank M. Jamet for helping with confocal image analysis.

REFERENCES

1. Stephens DS, Greenwood B, Brandtzaeg P. 2007. Epidemic meningitis,
meningococcaemia, and Neisseria meningitidis. Lancet 369:2196—2210.

2. Seib KL, Serruto D, Oriente F, Delany I, Adu-Bobie J, Veggi D, Arico
B, Rappuoli R, Pizza M. 2009. Factor H-binding protein is important for
meningococcal survival in human whole blood and serum and in the
presence of the antimicrobial peptide LL-37. Infect. Immun. 77:292-299.

3. Read RC, Fox A, Miller K, Gray T, Jones N, Borrows R, Jones DM,
Finch RG. 1995. Experimental infection of human nasal mucosal explants
with Neisseria meningitidis. ]. Med. Microbiol. 42:353-361.

4. Rayner CF, Dewar A, Moxon ER, Virji M, Wilson R. 1995. The effect of
variations in the expression of pili on the interaction of Neisseria menin-
gitidis with human nasopharyngeal epithelium. J. Infect. Dis. 171:113—
121.

5. Nassif X, So M. 1995. Interaction of pathogenic neisseriae with
nonphagocytic cells. Clin. Microbiol. Rev. 8:376-388.

6. Pujol C, Eugene E, de Saint Martin L, Nassif X. 1997. Interaction of
Neisseria meningitidis with a polarized monolayer of epithelial cells. Infect.
Immun. 65:4836—-4842.

7. Pujol C, Eugene E, Marceau M, Nassif X. 1999. The meningococcal PilT
protein is required for induction of intimate attachment to epithelial cells
following pilus-mediated adhesion. Proc. Natl. Acad. Sci. U. S. A. 96:
4017-4022.

8. Neil RB, Shao JQ, Apicella MA. 2009. Biofilm formation on human
airway epithelia by encapsulated Neisseria meningitidis serogroup B. Mi-
crobes Infect. 11:281-287.

9. Lappann M, Vogel U. 2010. Biofilm formation by the human pathogen
Neisseria meningitidis. Med. Microbiol. Immunol. 199:173-183.

10. Geoffroy MC, Floquet S, Metais A, Nassif X, Pelicic V. 2003. Large-scale
analysis of the meningococcus genome by gene disruption: resistance to
complement-mediated lysis. Genome Res. 13:391-398.

11. Lappann M, Haagensen JA, Claus H, Vogel U, Molin S. 2006. Menin-
gococcal biofilm formation: structure, development, and phenotypes in a
standardized continuous flow system. Mol. Microbiol. 62:1292-1309.

12. Yi K, Rasmussen AW, Gudlavalleti SK, Stephens DS, Stojiljkovic I.
2004. Biofilm formation by Neisseria meningitidis. Infect. Immun. 72:
6132-6138.

13. van Alen T, Claus H, Zahedi RP, Groh J, Blazyca H, Lappann M,
Sickmann A, Vogel U. 2010. Comparative proteomic analysis of biofilm
and planktonic cells of Neisseria meningitidis. Proteomics 10:4512—4521.

14. Phillips NJ, Steichen CT, Schilling B, Post DM, Niles RK, Bair TB,
Falsetta ML, Apicella MA, Gibson BW. 2012. Proteomic analysis of
Neisseria gonorrhoeae biofilms shows shift to anaerobic respiration and

Infection and Immunity


http://iai.asm.org

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

September 2013 Volume 81

changes in nutrient transport and outer membrane proteins. PLoS One
7:¢38303. doi:10.1371/journal.pone.0038303.

Falsetta ML, Bair TB, Ku SC, Vanden Hoven RN, Steichen CT, McEwan
AG, Jennings MP, Apicella MA. 2009. Transcriptional profiling identifies
the metabolic phenotype of gonococcal biofilms. Infect. Immun. 77:3522—
3532.

Rusniok C, Vallenet D, Floquet S, Ewles H, Mouze-Soulama C, Brown
D, Lajus A, Buchrieser C, Medigue C, Glaser P, Pelicic V. 2009.
NeMeSys: a biological resource for narrowing the gap between sequence
and function in the human pathogen Neisseria meningitidis. Genome Biol.
10:R110.

Mairey E, Genovesio A, Donnadieu E, Bernard C, Jaubert F, Pinard E,
Seylaz J, Olivo-Marin JC, Nassif X, Dumenil G. 2006. Cerebral micro-
circulation shear stress levels determine Neisseria meningitidis attachment
sites along the blood-brain barrier. J. Exp. Med. 203:1939-1950.
Heydorn A, Nielsen AT, Hentzer M, Sternberg C, Givskov M, Ersboll
BK, Molin S. 2000. Quantification of biofilm structures by the novel
computer program COMSTAT. Microbiology 146(Pt 10):2395-2407.
Henriques A, Carvalho F, Pombinho R, Reis O, Sousa S, Cabanes D.
2012. PCR-based screening of targeted mutants for the fast and simulta-
neous identification of bacterial virulence factors. Biotechniques 2012:
2012. doi:10.2144/000113906.

Lehoux DE, Sanschagrin F, Levesque RC. 1999. Defined oligonucleotide
tag pools and PCR screening in signature-tagged mutagenesis of essential
genes from bacteria. Biotechniques 26:473—480.

Mehr IJ, Long CD, Serkin CD, Seifert HS. 2000. A homologue of the
recombination-dependent growth gene, rdgC, is involved in gonococcal
pilin antigenic variation. Genetics 154:523-532.

Honisch U, Zumft WG. 2003. Operon structure and regulation of the nos
gene region of Pseudomonas stutzeri, encoding an ABC-type ATPase for
maturation of nitrous oxide reductase. J. Bacteriol. 185:1895-1902.
Tzeng YL, Ambrose KD, Zughaier S, Zhou X, Miller YK, Shafer WM,
Stephens DS. 2005. Cationic antimicrobial peptide resistance in Neisseria
meningitidis. J. Bacteriol. 187:5387-5396.

Seib KL, Wu HJ, Srikhanta YN, Edwards JL, Falsetta ML, Hamilton AJ,
Maguire TL, Grimmond SM, Apicella MA, McEwan AG, Jennings MP.
2007. Characterization of the OxyR regulon of Neisseria gonorrhoeae. Mol.
Microbiol. 63:54—68.

Falsetta ML, Steichen CT, McEwan AG, Cho C, Ketterer M, Shao J,
Hunt J, Jennings MP, Apicella MA. 2011. The composition and meta-
bolic phenotype of Neisseria gonorrhoeae biofilms. Front. Microbiol. 2:75.
Potter AJ, Kidd SP, Edwards JL, Falsetta ML, Apicella MA, Jennings
MP, McEwan AG. 2009. Esterase D is essential for protection of Neisseria
gonorrhoeae against nitrosative stress and for bacterial growth during in-
teraction with cervical epithelial cells. J. Infect. Dis. 200:273-278.
Falsetta ML, McEwan AG, Jennings MP, Apicella MA. 2010. Anaerobic
metabolism occurs in the substratum of gonococcal biofilms and may be
sustained in part by nitric oxide. Infect. Immun. 78:2320-2328.
Townsend R, Goodwin L, Stevanin TM, Silcocks PB, Parker A, Maiden
MC, Read RC. 2002. Invasion by Neisseria meningitidis varies widely
between clones and among nasopharyngeal mucosae derived from adult
human hosts. Microbiology 148:1467-1474.

Exley RM, Sim R, Goodwin L, Winterbotham M, Schneider MC, Read

Number 9

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Meningococcal Colonization-Defective Mutants

RC, Tang CM. 2009. Identification of meningococcal genes necessary for
colonization of human upper airway tissue. Infect. Immun. 77:45-51.
O’Dwyer CA, Li MS, Langford PR, Kroll JS. 2009. Meningococcal
biofilm growth on an abiotic surface: a model for epithelial colonization?
Microbiology 155:1940-1952.

Lissenden S, Mohan S, Overton T, Regan T, Crooke H, Cardinale JA,
Householder TC, Adams P, O’Conner CD, Clark VL, Smith H, Cole JA.
2000. Identification of transcription activators that regulate gonococcal
adaptation from aerobic to anaerobic or oxygen-limited growth. Mol.
Microbiol. 37:839—855.

Bartnikas TB, Wang Y, Bobo T, Veselov A, Scholes CP, Shapleigh JP.
2002. Characterization of a member of the NnrR regulon in Rhodobacter
sphaeroides 2.4.3 encoding a haem-copper protein. Microbiology 148:
825-833.

Stern AM, Hay AJ, Liu Z, Desland FA, Zhang J, Zhong Z, Zhu J. 2012.
The NorR regulon is critical for Vibrio cholerae resistance to nitric oxide
and sustained colonization of the intestines. mBio 3:e00013—12. doi:10
.1128/mBi0.00013-12.

Potter AJ, Kidd SP, Edwards JL, Falsetta ML, Apicella MA, Jennings
MP, McEwan AG. 2009. Thioredoxin reductase is essential for protection
of Neisseria gonorrhoeae against killing by nitric oxide and for bacterial
growth during interaction with cervical epithelial cells. J. Infect. Dis. 199:
227-235.

Lim KH, Jones CE, vanden Hoven RN, Edwards JL, Falsetta ML,
Apicella MA, Jennings MP, McEwan AG. 2008. Metal binding specificity
of the MntABC permease of Neisseria gonorrhoeae and its influence on
bacterial growth and interaction with cervical epithelial cells. Infect. Im-
mun. 76:3569-3576.

Chen NH, Counago RM, Djoko KY, Jennings MP, Apicella MA, Kobe
B, McEwan AG. 2013. A glutathione-dependent detoxification system is
required for formaldehyde resistance and optimal survival of Neisseria
meningitidis in biofilms. Antioxid. Redox Signal. 18:743-755.

Weimar JD, DiRusso CC, Delio R, Black PN. 2002. Functional role of
fatty acyl-coenzyme A synthetase in the transmembrane movement and
activation of exogenous long-chain fatty acids: amino acid residues within
the ATP/AMP signature motif of Escherichia coli FadD are required for
enzyme activity and fatty acid transport. J. Biol. Chem. 277:29369-29376.
Ray S, Chatterjee E, Chatterjee A, Paul K, Chowdhury R. 2011. A fadD
mutant of Vibrio cholerae is impaired in the production of virulence fac-
tors and membrane localization of the virulence regulatory protein TcpP.
Infect. Immun. 79:258 -266.

Soto MJ, Fernandez-Pascual M, Sanjuan J, Olivares J. 2002. A fadD
mutant of Sinorhizobium meliloti shows multicellular swarming migration
and is impaired in nodulation efficiency on alfalfa roots. Mol. Microbiol.
43:371-382.

Lucas RL, Lostroh CP, DiRusso CC, Spector MP, Wanner BL, Lee CA.
2000. Multiple factors independently regulate hilA and invasion gene ex-
pression in Salmonella enterica serovar Typhimurium. J. Bacteriol. 182:
1872-1882.

Kang Y, Zarzycki-Siek J, Walton CB, Norris MH, Hoang TT. 2010.
Multiple FadD acyl-CoA synthetases contribute to differential fatty acid
degradation and virulence in Pseudomonas aeruginosa. PLoS One
5:€13557. doi:10.1371/journal.pone.0013557.

jai.asm.org 3381


http://dx.doi.org/10.1371/journal.pone.0038303
http://dx.doi.org/10.2144/000113906
http://dx.doi.org/10.1128/mBio.00013-12
http://dx.doi.org/10.1128/mBio.00013-12
http://dx.doi.org/10.1371/journal.pone.0013557
http://iai.asm.org

	Identification of Genes Involved in Neisseria meningitidis Colonization
	MATERIALS AND METHODS
	Bacterial strains and growth conditions.
	Epithelial cell culture conditions.
	In vitro screening of STM library for colonization defective mutants.
	Tag amplification.
	Confocal microscopy and image analysis of biofilms.
	Construction of complemented mutants.
	Susceptibility to H2O2 and PxB.

	RESULTS
	Establishment of an in vitro colonization model.
	Development of an optimized PCR-based screening method.
	Screening for mutants impaired in epithelial cell colonization.
	Quantification of the biomass produced by candidate mutants.
	Genes identified in our in vitro colonization model.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


